Multimetal oxides nanocomposite photocatalysts based on Gd 2 O 2 CO 3 ·ZnO·CuO were prepared by a co-precipitation method and carefully characterized using a range of analytical techniques. More specifically, analysis by X-ray diffraction and electron microscopies confirmed the identity and quality of the as-synthesized powders. The photocatalytic degradation activities of these nanocomposites towards phenanthrene were then investigated by measuring the effects of catalyst dosage, irradiation time, and oxidant addition. In addition, the pseudo first-order kinetic model was used to determine the rate constant of the degradation reaction. Optimum dosages of 0.6, 0.6, and 0.4 gL −1 were recorded when using CuO, Cu-CuO/ZnO, and Gd 2 O 2 CO 3 ·ZnO·CuO, respectively. In addition, the Gd 2 O 2 CO 3 ·ZnO·CuO composite exhibited a higher removal efficiency than both Cu-CuO/ZnO and the pure CuO nanoparticles. Furthermore, the addition of oxidants influenced the removal of phenanthrene from solution. Finally, the photocatalytic degradation data followed pseudo first-order kinetics as defined by the Langmuir-Hinshelwood model, which allowed prediction of the faster degradation rate by the Gd 2 O 2 CO 3 ·ZnO·CuO nanocomposite. The newly synthesized nanocomposite could therefore be considered for the removal of phenanthrene and related polycyclic aromatic hydrocarbons from contaminated water.
Introduction
Water pollution is currently a major problem worldwide partly due to the discharge of various contaminants into rivers, examples of such contaminants include the polycyclic aromatic hydrocarbons (PAHs), dyes, and toxic inorganic ions [1] [2] [3] [4] . PAHs are common components in the coal, petroleum, and oil industries [5, 6] . One such PAHs is phenanthrene, which is also found in cigarettes and has been reported to lead to cardiovascular disease [7, 8] . Although several techniques have been employed for the removal of organic pollutants from wastewater, complete removal has yet to be achieved [9] [10] [11] [12] . In addition, a number of these techniques are undesirable, as they create sludge by-products and require a significant energy input to maintain high pressures [13] [14] [15] . However, photocatalytic degradation is a promising technique for the removal of PAHs because of its low cost, fast degradation rate, and environmental friendliness [16] . As such, the potential of photocatalytic degradation to remove phenanthrene from aqueous solution will be investigated in this study. For this purpose, ZnO will be considered as the parental photocatalyst, due to its high chemical stability, low cost, and its relatively high quantum efficiency [17] . However, metal oxides such as ZnO are active only in the ultraviolet region and exhibit a moderate performance. As such, the development of novel materials with reduced band gap energies has been investigated to increase the response to the abundant visible light photons [18, 19] . For example, CuO is a chemically stable p-type metal oxide with a band energy gap of 1.2-1.8 eV [20, 21] . As such, metallic Cu, CuO, and the corresponding complexes are well-established catalysts for the transformation of various chemicals into valuable products [22] [23] [24] . Due to its low energy band gap, CuO is often employed as a co-catalyst in combination with large band gap energy catalysts such as TiO 2 and ZnO to increase the photocatalytic rate under visible light [25] . Indeed, ZnO/CuO composites have been reported to exhibit improved charge carrier separation and a decreased rate of recombination, which in turn improves the photodegradation efficiency [26] . It has been reported that the formation of p-n heterocoupling at the CuO/ZnO interface can lead to superior charge separation and thus an increased photocatalytic activity [27] . Furthermore, the photocatalytic activity of CuO/ZnO can be increased by the introduction of Cu nanoparticles (NPs) on the surface. To the best of our knowledge, the photocatalytic activity of the Cu-CuO/ZnO composite for the degradation of phenanthrene has not yet been investigated. The amendment of the physicochemical properties of semiconductors through doping and heterostructures with rare earth metal/metal oxide for the improvement of their photocatalytic activities have been previously reported [28, 29] ; it is suggested that the increased photocatalytic activities of gadolinium incorporated semiconductor is mainly due to the interfacial charge transfer of its 4f shells and the elimination of electron-hole recombination. Hence, the nanocomposite (NC) of CuO/ZnO with gadolinium was considered for improved photodegradation of phenanthrene in water.
Thus, we herein report the synthesis of CuO, Cu-CuO/ ZnO nanocomposite (NC), and Gd 2 O 2 CO 3 ·ZnO·CuO NC, followed by comparison of their photocatalytic activities towards phenanthrene photodegradation. The obtained products will then be characterized using a range of techniques, including Fourier transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV-vis) spectroscopy, scanning electron microscopy (SEM), Transmission electron microscopy (TEM) and X-ray diffraction (XRD). The kinetics of the photocatalytic activity will be studied by measuring the removal rates of different photocatalysts. Therefore, the objectives of this work are to synthesize multimetal oxide heterocatalysts to improve the excitability of ZnO and CuO under visible light, and enhance the charge carrier mobility for the degradation of phenanthrene.
Experimental Section

Materials
Copper nitrate trihydrate (> 99%), zinc acetate dihydrate (≥ 98%), copper acetate (98%), gadolinium nitrate hexahydrate (99.9% trace metals basis), and phenanthrene (98%) were obtained from Sigma-Aldrich, South Africa and used directly without any further purification. Copper oxide nanoparticles (CuO NPs) were prepared using an environmentally friendly synthetic method based on the use of banana peel as a natural source serving as structure-controlling agent. More specifically, a sample of ripe banana peel (20 g) was weighed and washed with ethanol. The banana peel was then cut into pieces of 2 mm 2 , added to distilled water (40 mL), and heated at 80 °C for 15 min. Following filtration, a portion of the resulting extract (30 mL) was added to a reaction vessel and heated at 80 °C with constant stirring. Copper nitrate trihydrate (1 g) was added to this hot banana peel extract. This mixture was refluxed and the resulting precipitate was transferred to a crucible and heated in a furnace at 400 °C for 3 h to yield a black powder. For synthesis of the Cu-CuO/ZnO NC, the desired quantities of zinc acetate dihydrate and copper acetate (1:1 ratio) were mixed and ground using mortar pestle. The obtained powder was transferred to an alumina crucible and annealed at 350 °C for 3 h under air in a muffle furnace. The multimetal oxide (Gd 2 O 2 CO 3 ·ZnO·CuO) composite was prepared via a coprecipitation method similar to that reported by Subhan et al. [30] , with the exception that gadolinium nitrate hexahydrate was used instead of lanthanum nitrate.
Preparation of
Characterization
The morphology of the photocatalysts was examined by SEM (VEGA SEM, TESCAN), and the chemical compositions were determined by X-ray energy dispersive spectroscopy (EDS) coupled with SEM. The interior characterization of composite was performed using a high resolution transmission electron microscope (HRTEM, JEOL JEM-2100, 200 kV). XRD data for the prepared samples were recorded using a Philips PANalytical X'Pert PRO PW 3040/60 X-ray diffractometer with Cu-Kα radiation (λ = 0.15418 nm). UV-vis absorbance spectra were recorded using a Shimadzu UV-2401PC spectrophotometer. FTIR spectra were recorded on a Perkin Elmer Spectrum 100 FTIR spectrophotometer.
Evaluation of the photocatalytic activities of the prepared photocatalysts
The photocatalytic degradation of phenanthrene was investigated in a photocatalytic chamber using the prepared photocatalysts (i.e., CuO, ZnO/CuO, and Gd 2 O 2 CO 3 ·ZnO·CuO). A UV filter was utilized to cut off wavelengths < 400 nm. All experiments were performed by suspending the photocatalysts in the reactor containing a phenanthrene solution (20 ppm) , and the reactions were carried out at 25 °C in the photocatalytic chamber. After the desired time interval (20 min), the concentration of residual phenanthrene in each solution was measured by recording the absorbance intensity of the solution at a maximum absorbance-wavelength of 271 nm. The phenanthrene photodegradation efficiency of each photocatalyst was then calculated using Eq. (1) [26] :
where C 0 is the initial phenanthrene concentration and C t is the residual phenanthrene concentration in solution at time, t.
Results and discussion
Structural and morphological characterization
Following preparation of the various photocatalysts, XRD measurements were carried out to determine the purities and crystal structures of the powdered CuO NPs, Cu-CuO/ ZnO NC, and Gd 2 O 2 CO 3 ·ZnO·CuO NC. As shown in Fig (1)
(004), thereby indicating that this sample was composed of a pure crystalline monoclinic phase, due to its correlation with JCPDS Card No. 45-0937 [31] . As expected, the XRD pattern of Cu-CuO/ZnO contained peaks corresponding to Cu, CuO, and ZnO nanomaterials. More specifically, intense sharp peaks (as indicated by *) at 43.35° (111), 50.49° (200), and 74.08° (220), suggest the formation of crystalline Cu NPs [32] , while peaks at 31.76° (100), 34.62° (002) 89-1397) [11] . In this case, the presence of ZnO reduced the crystallinity of CuO in the Cu-CuO/ZnO composite. Furthermore, peaks corresponding to ZnO, CuO, and Gd 2 O 2 CO 3 were observed in the Gd 2 O 2 CO 3 ·ZnO·CuO NC, as indicated by red, green, and black lines, respectively. As shown in Fig. 2 , no additional phases were observed, and the diffraction pattern of Gd 2 O 2 CO 3 in the NC corresponded with the literature [30, 33] . It should also be noted that the crystallinity of a photocatalyst is of The functional groups present in the prepared samples were then examined by FTIR and the results are presented in Fig. 3 . More specifically, in the spectrum of CuO, the transmittance peak observed at 602 cm −1 was attributed to the Cu-O vibration, thereby confirming the synthesis of pure monoclinic CuO NPs. In addition, the peak centred at 3426 cm −1 corresponds to -OH stretching, while that at 2930 cm −1 could be attributed to the -C-H stretching mode of the aliphatic chains. Peaks corresponding to C=C stretching (1599 cm −1 ), -N-H bending (1541 cm −1 ), -C-N stretching (1379 cm −1 ), and =C-N bending (849 cm −1 ) likely arose due to presence of residue from the banana peel extract (i.e., containing chlorophyll catabolites or other organic moieties bearing hydroxyl, amine, and conjugated groups) on the CuO NP surfaces [34] . In the case of the Cu-CuO/ZnO NC, the characteristic peaks of CuO shifted to lower wavenumbers and merged with that of the Zn-O vibration. Moreover, in FTIR spectrum of Gd 2 O 2 CO 3 ·ZnO·CuO NC, the peak at 3420 cm −1 could be attributed to the O-H stretching of water molecules, while the characteristics vibration bands at 1456, 1055, 991, and 692 cm −1 are related to the asymmetric ν 3 CO 3 , symmetric ν 1 CO 3 , asymmetric ν 2 CO 3 , and asymmetric ν 4 CO 3 vibrations, respectively, thereby confirming the presence of the CO 3 2− group [35] . Furthermore, peaks corresponding to the Zn-O and Cu-O vibrations may be shifted to lower wavenumbers due to the presence of multimetal oxides.
The absorption coefficient is also an important parameter in determining the penetration of light waves into photocatalysts. As such, the light absorption behaviour of each prepared photocatalyst was monitored by UV-vis spectroscopy, as shown in Fig. 4a-c . In the case of the Cu-CuO/ZnO composite, two strong absorption bands were observed in the visible region at 378 and 314 nm, while pure CuO exhibited an absorbance peak at 313 nm. For the Gd 2 O 2 CO 3 ·ZnO·CuO NC, the absorbance peaks exhibited a red shift, indicating modification of the electronic structures due to the presence of multimetal oxides (see the inset of Fig. 4c ). In addition, a good absorption capacity was exhibited by the Gd 2 O 2 CO 3 ·ZnO·CuO NC over a wide range of the spectrum. The optical energy band gaps of the prepared samples were then determined based on a Tauc plot of (αhν) 2 versus the photon energy, considering direct allowed transition [21, 36] . As a result, band gaps of 2.41, 2.63, and 2.84 eV were determined for CuO, Cu-CuO/ZnO, and Gd 2 O 2 CO 3 ·ZnO·CuO, respectively (Fig. 4a-d) . Compared to the bulk band gap of CuO (i.e., 1.2-1.3 eV), the obtained band gap for the CuO NPs was high, possibly due to the quantum confinement effect. Furthermore, it can be concluded that all prepared samples are indeed visible light photocatalysts, due to their low band gap energies.
The morphologies of the prepared photocatalysts were then investigated by SEM. As shown in Fig. 5a , conical particles composed of smaller (i.e., < 100 nm) CuO NPs were observed. This is expected to result from the presence of residual functional groups (i.e., hydroxyl, amine, and conjugated carbons) from the banana peel extract [15, 34, 37] , which direct the growth of CuO NPs. However, the Cu-CuO/ZnO NC exhibited diverse morphologies, namely spherical NPs, nanorods, and nanocubes (as shown in Fig. 5b-d) . Furthermore, EDS mapping of the Cu-CuO/ZnO NC was performed to identify these nanostructures (see Fig. S1 , Supplementary Information). Upon careful inspection, it was observed that the small NPs (~ 30 nm), decorated nanorods, and nanocubes originated from Cu to CuO. In addition, the ZnO NPs exhibit irregular shapes measuring between 5 and 150 nm. Various morphologies of Cu-CuO/ZnO were also formed as the generated nuclei were surrounded by CH 3 COO − ions. This was followed by further structural evolution upon decomposition of the CH 3 COO − ions to give CO 2 [11] . It can also be observed that ZnO NPs grow on the surface of the Cu-CuO rods. Moreover, as shown in Fig. 5e-f , the multimetal oxide NC (i.e., Gd 2 O 2 CO 3 ·ZnO·CuO) produced nanometric particles of various sizes. Based on these observations, the various metal oxides present in the NCs are indicated in Fig. 5f . EDX mapping was also employed to determine the elemental distribution within the composite, with Fig. S2 (Supplementary Information) showing the distributions of C, O, Zn, Cu, and Gd in the prepared Gd 2 O 2 CO 3 ·ZnO·CuO NC. More specifically, Cu, Zn, and Gd were dispersed uniformly, confirming that Fig. 3 FTIR spectra of the CuO NPs, Cu-CuO/ZnO NC, and Gd 2 O 2 CO 3 ·ZnO·CuO NC with corresponding assigned vibrational signatures the prepared Gd 2 O 2 CO 3 ·ZnO·CuO composite has a high purity. The above results therefore confirm the successful formation of CuO NPs, the Cu-CuO/ZnO NC, and the Gd 2 O 2 CO 3 ·ZnO·CuO NC. Furthermore, interior characterization of as-synthesized nanocomposite was executed by TEM and HRTEM. Figure 6a displays the low magnification TEM image of Gd 2 O 2 CO 3 ·ZnO·CuO NC and it has shown the various shapes nanoparticles from small to high aspect ratio possibly belonging to ZnO, Cu, CuO, and Gd 2 O 2 CO 3 NPs. Similar morphologies of NPs were noticed in SEM images of composite. The HRTEM image clearly demonstrated the presence of CuO ZnO, and Gd 2 O 2 CO 3 NPs in the composite (Fig. 6b-c) 
Photocatalytic degradation of phenanthrene
Effect of photocatalyst loading
We initially wished to examine the effect of the photocatalyst loading on the degradation of phenanthrene. To avoid the use of excess photocatalyst, the optimum dosage for the efficient degradation of phenanthrene must be determined [38, 39] . We therefore investigated the effect of catalyst loading on the degradation of phenanthrene, using a 20 ppm solution of phenanthrene (100 mL) at pH 4 under visible light at room temperature for 3 h in the presence of 20-60 mg of the desired photocatalyst. As shown in Fig. 7 , the optimum dosages of CuO and the ZnO/CuO NC were both 0. 6 gL −1 , while that of the Gd 2 O 2 CO 3 ·ZnO·CuO NC was 0.4 gL −1 . The rate of photocatalytic degradation increased upon increasing the dosage of each photocatalyst prior to decreasing again at higher loading. For example, in the case of Gd 2 O 2 CO 3 ·ZnO·CuO, a catalyst loading > 0.6 gL −1 gave reduced degradation efficiencies, likely due to particle aggregation.
Effect of illumination time
The effect of illumination time was then investigated by measuring the photodegradation efficiency at 20 min intervals using the optimal catalyst loadings and a 20 ppm phenanthrene solution (100 mL) at pH 4 under visible light at room temperature. As shown in Fig. 8 , the rate of phenanthrene degradation increased with time due to the adsorption of phenanthrene molecules on the catalyst surface and their subsequent degradation. However, in the absence of visible light or a catalyst, no significant degradation of phenanthrene was observed, thereby indicating that phenanthrene is relatively stable under the above mentioned conditions. These results confirm that both visible light and a photocatalyst are required for the effective degradation of phenanthrene. It was also found that the initial photodegradation rate was high due to the availability of numerous active catalytic sites. In addition, over the reaction time employed herein, the CuO NPs, the Cu-CuO/ZnO NC, and the Gd 2 O 2 CO 3 ·ZnO·CuO NC contributed to reduce 8.88, 17.74, and 20 ppm of the phenanthrene concentration, respectively, thereby indicating that the Gd 2 O 2 CO 3 ·ZnO·CuO NC is the most efficient photocatalyst for phenanthrene removal in solution under the conditions employed herein. Indeed, when the Gd 2 O 2 CO 3 ·ZnO·CuO NC was employed, 99.6% phenanthrene removal was achieved within 180 min.
Effect of oxidant addition
Detection of the main active oxidative species in the removal of phenanthrene is necessary to determine the photocatalytic activity. Thus, the effect of K 2 S 2 O 8 and Na 2 S 2 O 8 on the photocatalytic degradation process was examined using an oxidant concentration of 2 mM under otherwise equivalent conditions. As shown in Fig. 9 , the addition of both oxidants to the reaction solution enhanced the rate of phenanthrene photocatalytic degradation under visible light. This can be attributed to the trapping of electrons by Na 2 S 2 O 8 /K 2 S 2 O 8 minimizing the possibility of recombination of electron/hole pairs. Furthermore, the enhanced performance in the presence of oxidants could be accounted for by the production 
. The rate of photodegradation was high in case K 2 S 2 O 8 due to fast dissociation and high radical availability [40, 41] . The role of oxidants in acceleration of photodegradation of phenanthrene can be explained by the following reactions.
The thiosulfate ion (S 2 O 8 2− ) reacts with available electron from conduction band (CB) and produces highly active SO 4 ·− ·SO 4 •− is a very strong oxidizing agent (E° = 2.6 eV). Later, these radicals might react with water molecules and generate hydroxyl radicals. As such, these generated active radicals might participate in photodegradation of phenanthrene into less harmful products.
Kinetic analysis
The Langmuir-Hinshelwood kinetic model which describes the kinetics of the heterogeneous photocatalytic system, was used to determine the reaction rate constant (k) for the photodegradation of phenanthrene, as outlined in the following Eqs. (2-4) [36] :
where K phenanthrene represents the adsorption coefficient of phenanthrene on the photocatalyst (L.mg −1 ), while K app represents the calculated apparent rate constant (min −1 ), and t is the reaction time (min). This model is commonly employed for photodegradation processes when the initial substrate concentration is low. As shown in Fig. 10 , plots of ln C 0 ∕C t versus t gave a linear relationship, thereby indicating that the kinetics data fit well with pseudo first order kinetics. In addition, as shown in Fig. 11 , a reaction rate constant K app of 0.003 m −1 was obtained for CuO under visible light, while the Cu-CuO/ZnO composite gave a K app value of 0.011 m −1 . These results indicate that the photocatalytic degradation activity of CuO nanoparticles was extremely low under visible light, potentially due to its high recombination rate of photogenerated charge + Intermediates → CO 2 + H 2 O + less harmful products
carriers. It is therefore expected that the Cu-CuO/ZnO NC exhibited an improved photocatalytic activity due to the generation of reactive oxygen species (ROS) and distribution of the photogenerated charge carriers over the Cu and ZnO NPs, thereby delaying the recombination of electron-holes pairs. However, the Gd 2 O 2 CO 3 ·ZnO·CuO NC was found to be the optimal photocatalyst for the degradation of phenanthrene in solution under visible light, with a reaction rate constant K app of 0.06 m −1 being calculated. Moreover, this photocatalyst gave almost 100% photodegradation of a 20 mg/L phenanthrene solution over 120 min. The highest photocatalytic efficiency of Gd 2 O 2 CO 3 ·ZnO·CuO NC can be ascribed to high light absorption, slow recombination rate and high surface area. The photocatalytic activities of the prepared materials therefore follow the trend: CuO (50.4%) < Cu-CuO/ZnO (89.0%) < Gd 2 O 2 CO 3 ·ZnO·CuO (99.6%). The obtained trend of photocatalytic activities can also be supported by BET surface area observations.
The photocatalytic performance of a catalyst depends on the transport and recombination of photogenerated electron-hole pairs, in addition to the light harvesting properties of the photocatalyst, and the presence of sufficient active sites for adsorption of the organic substrate on the catalyst surface. It is therefore evident from the results presented above that multimetal oxide NCs demonstrate large optical absorbance and contain high numbers of active sites. Moreover, the most plausible mechanism for the photocatalytic degradation of phenanthrene using Gd 2 O 2 CO 3 ·ZnO·CuO NC is proposed in Fig. 12 and can be explained using the following equations.
Upon irradiation of light, all metal oxides can be excited to produce the photoinduced electrons and holes. Due to establishment of force of electric field, the photogenerated electrons are shifted to conduction band (CB) of p-type CuO NPs to the CB of n-type ZnO. This leads to efficient separation of the photo-generated charge carriers (electrons and holes) at the CuO/ZnO heterojunction interface, resulting to lower recombination rate [42] . The produced charge carriers are moved to nanocomposite surface where the holes participate to convert water molecules to hydroxyl radicals ( · OH) and electrons are used [11, 36, 43, 44] . The ROS can attack the reactive positions (i.e., the 9 and/ or 10 positions) of phenanthrene and disturb the electron arrangement of the phenanthrene aromatic rings, which results in the formation of intermediate products such as alcohol, ketone, and aldehyde derivatives [45] . These intermediate products can then be converted into stable and less harmful products, including carbon dioxide and water. Thus, the enhanced photocatalytic properties of the Gd 2 O 2 CO 3 ·ZnO·CuO NC can possibly be attributed to reduced electron-hole recombination rates due to the photogenerated electrons from CuO being easily transported on the multidirectional Gd 2 O 2 CO 3 and ZnO and high light absorption.
Conclusion
We herein reported the successful synthesis of multimetal Gd 2 O 2 CO 3 ·ZnO·CuO nanocomposite (NC) based photocatalyst via a simple co-precipitation method. Pure CuO nanoparticles (NPs) were synthesized via an environmentally friendly method based on the use of banana peel as structure-controlling agent. In addition, electron microscopies (i.e. SEM, TEM) and XRD study confirmed that the Gd 2 O 2 CO 3 ·ZnO·CuO NC contained ZnO and CuO particles anchored onto the composite surface. In terms of the photocatalytic activities of the various prepared photocatalysts, the Gd 2 O 2 CO 3 ·ZnO·CuO NC exhibited a superior photocatalytic activity in the degradation of phenanthrene, likely due to reduced electron-hole recombination rates and the production of large amount of reactive oxygen species. The developed multimetal oxides Gd 2 O 2 CO 3 ·ZnO·CuO NC photocatalyst gave almost 100% photodegradation of a 20 (mg/L) phenanthrene solution over 180 min. It was also observed that the degradation of phenanthrene by Gd 2 O 2 CO 3 ·ZnO·CuO NC was adequately predicted by the Langmuir-Hinshelwood kinetic model. We therefore expect that the developed multimetal oxide NCs will be applicable for the treatment of other emerging pollutants to produce stable and less harmful products. Further studies will focus on this potential application, and on detailed mechanistic studies regarding the degradation of phenanthrene using the system described herein.
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